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2ABSTRACT
INELASTIC RESPONSE SPECTRUM DESIGN
PROCEDURES FOR STEEL FRAMES
by
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Submitted to the Department of Civil Engineering on August 20, 1976
in partial fulfillment of the requirements for the degree of Master
of Science in Civil Engineering.
Procedures are investigated for the nonlinear design of multi-
story plane steel frames subjected to earthquake loading. Seismic
load effects are obtained by an elastic modal analysis using inelastic
response spectra which are constructed based on rules suggested by
Newmark and Hall. Inelastic dynamic analyses with a point hinge
model are conducted to test the performance of the designs when excited
by the time history of simulated motions which match the design spectrum.
The effects of including gravity load in the design and analysis are
considered. Response is evaluated in terms of member and story level
parameters.
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CHAPTER 1 - INTRODUCTION
1.1 General
Several sources exist for the dissipation of the energy trans-
mitted to the base of a building structure which is subjected to earth-
quake ground motion. These include: the kinetic energy associated
with the acceleration of the building mass, the strain energy due to
elastic deformations of the structural components, internal work done
by damping forces, the redundancy provided by non-structural elements,
and nonlinear behavior. The degree of flexibility related to increasing
the amount of external work dissipated in each of the alternative sources
is described in what follows.
The mass is generally not considered as a design parameter. Live
and dead loads are a function of the material, intended purpose, and
architecture of the building which restricts the total weight to a
relatively narrow range. Proportioning the strength of a structure to
remain elastic in active seismic regions results in an uneconomical de-
sign, a fact which has been recognized by building codes. Damping mecha-
nisms are not well understood, allowing limited control or certainty re-
lated to the amount of damping available. Current trends in engineering
practice favor high-rise construction with few interior partitions and
glass or other light exterior cladding. Faced with these difficulties,
increased interest has developed within the past 15 years for the poten-
tial hysteretic dissipation of energy through ductile action of struc-
tural elements.
14
Investigations concerning inelastic response are characterized
by the following:
1). Type of model used to idealize the dynamic behavior -either
a shear beam model with nonlinear springs specified for an
individual story, point hinge model to determine concentration
of nonlinear deformations at the ends of a member, or fiber
model to study the spread of plasticity.
2) The form of input base motion including pulse-type, recorded
accelerograms, and simulated motions.
3) The complexity of the structural system in terms of number of
degrees-of-freedom.
4) The force-deformation relationship governing the hysteretic
action such as elastoplastic, bilinear, trilinear, Ramberg-
Osgood, and stiffness degrading.
5) Whether the intention is to study the parameters influencing
response, analysis techniques, or approaches to design.
In order to incorporate the knowledge acquired on the response of
nonlinear systems into practical applications for building codes, safe
and economical methods to design multistory buildings must be proposed
and tested for their validity. Although several efforts have been di-
rected toward determining the ductility requirements .of typical buildings
proportioned by existing philosophies (4, 12, 14, 15, 17, 20, 23),
only recently has the control of nonlinear deformations to a specified
level of ductility been attempted (7, 8, 10, 18, 19). This latter
15
capability is necessary to insure that ductility.criteria established
for the detailing of elements and joints are sufficient to prevent
excessive damage or ultimate collapse.
1.2 Objectives and Scope
The primary objectives of the research reported herein were to
develop and evaluate methods for predicting the nonlinear response of
multi-degree-of-freedom systems subjected to earthquake ground motion.
The basic design philosphy is an extension of simplified rules sugges-
ted by Newmark and Hall (11) which relate the response spectra of
single-degree-of-freedom elastic and inelastic systems. The structural
type is restricted to moment-resisting plane steel frames.
The process of selecting frame properties and proportioning member
resistances is described in Chapter 2. A 4-, 10- and 18-story frame
are under consideration having stiffness, mass and geometry typical of
similar frames reported in the literature. Influences of the presence
of gravity loads are examined and static analyses performed to obtain
end forces due to a uniform distribution of dead and live load. Earth-
quake load effects are computed using an elastic modal 'analysis with an
inelastic design response spectrum as input. Strength properties of
members are expressed as a function of the applied design loads.
Chapter 3 presents the inelastic dynamic analysis procedures.
Assumptions regarding the matnematical models and computer programs
used to determine response are outlined. Output parameters are defined
to characterize the nonlinear deformations at the member and-story level.
The earthquake excitation consists of 3 simulated motions, generated to
16
match the elastic design spectrum. Comparisons are made of the story
level response of a 4- and 10-story frame with the 'point hinge and shear
beam models.
Results of the behavior of the inelastic designs are detailed in
Chapter 4. Performance of the proposed procedure is assessed in terms
of nonlinear deformations occurring at the.ends of individual columns
and girders, and the forces and displacements associated with each
story. Effects of the design ductility level, including gravity load
in the design and analysis, and factoring spectral forces are considered.
Chapter' 5 contains a summary of conclusions and recommendations
.concerning the information gained and potential areas for expanded
research, respectively, in developing methods for the inelastic design
.of multi-degree-of-freedom systems.
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CHAPTER 2 - FRAME SELECTION AND DESIGN
2.1 Description of Frames
Properties of the 4-, 10-, and 18-story frames employed in the
investigation of design procedures are depicted in Figures 2.1.1,
2.1.2, and 2.1.3, respectively. The 4- and 10-story frames have been
used by Luyties, Anagnostopoulos and Biggs in a portion of a previous
report (10).
The configurations of the 3 frames are similar, each consisting
of a regular rectangular plane grid in elevation which is symmetric
about its vertical centerline and has 3 equal spans at 16 ft. 8 in.
Story heights are 12 ft. above the 15 ft. lower story. The selection
of the total number of stories for the 3 frames is intended to repre-
sent the range of typical low- to high-rise steel buildings.
In all frames, the distribution of stiffness decreases at inter-
vals of one or several stories with an increase in height, generating
an approximately linear variation. Reduction in member size reflects
conventional economic considerations for optimum utilization of material.
Relative moments of inertia of columns and girders and areas of columns
govern the extent of taper and have been determined based on comparisons
of similar frame designs published in the literature. Areas are not
specified for girders due to the relative insignificance of their axial
deformations.
The reference stiffness, I, coincident with the uppermost exterior
column, is adjusted to give preselected values of the fundamental per-
iods of vibration. Period values of 0.47 sec., 1.37 sec., and 2.92
sec. were designated for the 4-, 10-, and 18-story frames, respectively,
18
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to be within the range of experimental period determinations for moment-
resisting steel frame buildings of the same height (6).
Story masses correspond to full dead plus live load, without load
factors, distributed uniformly over the 3 spans.
It is possible to determine gravity and earthquake elastic load
effects given the mass, stiffness and geometry of the frames described
herein, as discussed in Sections 2.2 and 2.3. Subsequently, the indi-
vidual member strength can be expressed as a function of the design
load effects, independent of actual structural Shapes (e.g., WF sec-
tions), as shown in Section 2.4.
22
2.2 Gravity Load Effects
The sophistication of the mathematical models employed in investi-
gations of the nonlinear dynamic behavior of buildings has generally
influenced the extent of incorporation regarding the effects of vertical
dead and live load. Numerous studies, based on lumped parameter sys-
tems of the shear beam type, have necessarily neglected gravity loads
due to the degree of idealization in which only story level response
is evaluated (1, 2, 3, 7, 12, 13, 20, 24). In order to justify the
lack of vertical load considerations, the available resistance for
lateral earthquake loads must be assumed to be independent of the gra-
vity load demands. Initial advancements to more complex member level
models only provided for lateral loading conditions; Clough and Benuska
(23) included the effective horizontal forces resulting from the dis-
placement of static vertical loads, whereas Goel and Berg (17) omitted
gravity effects entirely. The motivation to more adequately represent
actual building performance has led to recently expanded capabilities
to simulate the presence of static vertical loads (4, 5, 8, 10, 16, 18,
19, 26).
Significant aspects of static gravity loads, which influence the
response of inelastic systems, are listed below.
1) Axial forces reduce the plastic moment capacity of column
elements in connection with a yield interaction surface.
2) Initial end moments alter the mechanisms to first yield by
increasing or decreasing the plastic moment capacity of a
23
cross-section available to resist earthquake moments depending
on the sense of the applied loads (e.g., if the gravity and
earthquake moments are of the same sign the capacity is reduced
to first yield and the reverse condition occurs if the moments
are of opposite signs). The importance of this phenomenon
relates primarily to the girders where the larger static end
moments are located.
3) The mass of the structure, which is a function of the dead
and live load, enters directly into the inertial terms of the
equations of motion.
4) The P-A effect introduces additional lateral forces necessary
to sustain equilibrium. This occurs as sidesway displacement
transforms the relationship of the frame geometry to the
direction of action of gravity loads.
The latter effect is not taken into account, herein, either through
an increase in design shear or in the dynamic analysis.
The first two factors act to alter strength capacities of cross-
sections, thereby influencing the pattern of yielding mechanisms, and
are related to the magnitude and position of gravity loading. Member
end forces are-calculated from a uniform distribution of load over the
3 equal spans typical to all test frames. The total load corresponds
to the story masses (as presented in Section.2.1) which remain constant
throughout all design and.analysis procedures.
The computer program, STRUDL (31), was used to compute static
member forces by a standard stiffness analysis.
24
2.3 Earthquake Load Effects
2.3.1 Inelastic Design Spectra
Earthquake loading represents an extremely uncertain event, both
in terms of time and location of occurrence and ensuing characteristics
such as intensity, duration, frequency content, and number of strong
motion pulses. An elastic design response spectrum reported by Newmark
and Hall (11) was adopted to fully describe the potential seismic hazard
for the sites of all frames under study.
The elastic spectrum has been constructed, utilizing a tripartite
logarithmic format, in Figures 2.3.2 and 2.3.3 for 5% critical damping.
Corresponding maximum ground motion (not shown) parameters have been
scaled to an acceleration of 0.33 g, velocity of 15.84 in/sec, and
displacement of 11.88 in. Application of the recommended amplification
factors for 5% damping yields the bounds defining the elastic response
spectrum: 0.86 g, 30.1 in/sec, and 16.63 in.
Approximate rules have been proposed by Newmark and Hall (11) and
are used here to produce inelastic acceleration and displacement spec-
tra from the design elastic spectrum. Investigations of the maximum
deformations of single-degree-of-freedom elastic and elastoplastic
systems subject to various types of input motion form the basis for
these simplified procedures (1, 2, 3, 24, 25). Figure 2,3.1 illustrates
the relationship between the three spectra as a function of frequency.
Line DVAA indicates the elastic response spectrum. The amplified
0
acceleration, velocity, and displacement regions are symbolized by
25
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A, V, and D, respectively. Frequencies at the intersection of segments
comprising the different curves which are common among spectra are
identified by blackened circles.
In the high frequency range, the inelastic acceleration or yield
displacement spectrum (D'V'A'Ao) coincides with the elastic spectrum
(segment Ao) which is bounded by the maximum ground acceleration. Seg-
ments A' and A are parallel, inclined at 45° and differ by a factor
derived by requiring that the energy absorption associated with the
resistance functions of comparable elastic and elastoplastic systems
(i.e., having the same mass, damping and initial stiffness) be equiva-
lent. Referring to Figure 2.3.4:
(uy)(Kuy) + (u2-Uy)(Kuy) = (ul)(u l )
and by definition u2= uy
U 1
Ul : J2J -1
where p = ductility factor; K= initial stiffness; uy =yield deformation
of elastoplastic system; u1 =absolute maximum deformation of elastic
system; u2 =absolute maximum deformation of elastoplastic system.
Section D'V' is parallel and diminished by the ductility factor with
respect to DV. The fifth and unlabeled segment is an acceleration
transition zone defined by connecting the endpoints of A' and Ao
The maximum inelastic displacement spectrum (DVA"Ao"), consistent
with the definition of ductility, follows the shape of the acceleration
90
ELASTIC
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spectrum magnified by for all frequencies. In the low frequency
region, indicative of flexible systems, the elastic and inelastic
displacements are considered the same.
Inelastic design spectra, obtained by applying the Newmark and
Hall rules to transform the design elastic response spectrum (previous-
ly detailed), are shown in Figures 2.3.2 and 2.3.3 for two different
levels of ductility (i.e., p= 2 and =4).
2.3.2 Modal Analysis
Extensions of these simple concepts to the design of multi-degree-
of-freedom (MDOF) structures have been examined in a limited number of
studies (7, 8, 9, 19). The state-of-the-art in response spectrum
methods for elastic design, being firmly established and familiar to
structural engineers, suggests that a convenient and approximate
approach to the treatment of complex nonlinear systems may be by per-
forming a modal analysis with an inelastic spectrum. Although modal
procedures are appropriate for their practicality, provisions for code
implementation have not been advanced due to the lack of sufficient
research.
Major criticisms of this methodology are inherent in the incon-
gruent mixture of elastic and inelastic behavior. Decomposition of
the solution into a set of uncoupled modal equations and application
of the principle of superposition to produce the response by combining
the effects of a desired number of modes is not valid for nonlinear
systems. Confronted with the alternative of executing multiple time
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integration analyses in a costly and time consuming iterative design
scheme, modal analysis is selected for use in the prediction of non-
linear behavior. Adequacy of this initial assumption can only be
determined by testing frames proportioned utilizing elastic modal
procedures which are outlined in what follows.
Mode shapes and frequencies are computed by solution of the
following eigenvalue problem (9):
([K]L n2 [M]0){an} =
where [K]L lateral stiffness matrix; [M]D=diagonal matrix containing
masses lumped at each floor level; n =natural frequency of mode n
(eigenvalues); {an}= shape for mode n (eigenvectors).
Although higher modes are sometimes neglected if their contribu-
tions are insignificant, all calculations of response parameters,
performed herein, include the total number of modes corresponding to
the number of masses lumped at the story levels.
The modal displacement with respect to the ground is expressed as:
n
where {un}= vector displacements for mode n; rn = modal participation
factor for mode n = {an}T [MM] {an} Sa = ordinate of the
inelastic acceleration spectrum at wn.
The remaining vertical and rotational degrees-of-freedom (denoted
by the subscript r) are obtained from the following matrix statement.
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[Kr] . [Kru
[K]ur] LKuu] I _{u}
Fr }
in which [K]= total stiffness matrix; {A}= vector of joint deformations;{ F} vector of joint loads. The vector Fr} is set equal to zero in
the condensation scheme for determining the lateral stiffness matrix.
[K]L [K uu [Kur ][Krr] [Kru
The unknown joint deformations are
{r} -[Krr] 1 [Kru] {u}
where the vector of horizontal displacements has been computed for
each mode.
For each vector of joint deformations associated with a given
mode n, member forces are derived utilizing stiffness matrix conver-
sions from the global to local reference frames, Maximum design values
of response measures (e.g., member forces, lateral displacements),
composed of contributions from the uncoupled modal responses, are
evaluated by the square root of the sum of the squares rule (SRSS).
All elastic modal analyses were performed with the computer
program, APPLE PIE (29).
[K]{A =
_ 
_
I
I
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2.4 Determination of Member Strength
The end forces obtained by the elastic static and dynamic analyses
are shown in Figure 2.4.1. The ultimate strength of a member is expressed
as a function of these design forces, independent of actual structural
shapes, as described below. Strain hardening effects, buckling in
compression members, shear forces, axial forces in the girders, and
load factors are not considered.
This investigation seeks to develop procedures which yield satis-
factorily inelastic behavior under the design conditions; hence simulated
motions were generated to match the elastic spectrum (Section 3.3). Load
factors which are intended to provide some level of safety against severe
load combinations above the design conditions, are not applicable.
Girder capacities are determined as
My= max {MEQ or w12/8}
where My =yield moment; MEQ spectral moment; w= uniform dead plus live
load; 1 =span length. Gravity moments, MGR, are not added to increase
the resistance of girders due to the effect discussed in Section 2.2.
After first yield, static end moments do not alter the plastic capacity,
allowing the section to be proportioned only for lateral load. Evidence
of the temporary nature of the influence of gravity loads on response
has been reported by Anderson and Gupta (18). Time histories of plas-
tic rotations indicate that after a brief interval in which the initial
yield mechanisms form, similar hinge rotations occur concurrently at
both ends of a girder typical of behavior associated with earthquake
loads acting alone.
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The second condition, that the capacity be at least w12/8, controls
only in girders within the top floors of a frame. This is enforced to
reduce the possibility of the formation of a plastic hinge at midspan
of a girder which is hinged at both ends as shown in Figure 2.4.2.
Although the location and value of the maximum ordinate for the para-
bolic moment diagram depend on the relative magnitude of the section
capacity and the uniform load, the simple beam approximation is adopted
for convenience.
Column resistances are based on AISC formula 2.4.3 to account for
axial-flexural interaction (22).
P M
-+ l 18My < 1.0 ; M < M
y y
Assuming a constant ratio of plastic modulus, Z, to area, A, for all
sections equal to 6,
My > 6P + M/1.18 M > M
Py =My/6
where P = plastic axial capacity. The applied design moment, M, is
taken as
M = max {MEQ or MGR}
which is consistent with the concept that static end moments only
alter the capacity of a member prior to first yield. Due to the perma-
nent reduction in plastic moment capacity caused by gravity axial forces,
the design load, P, is given by
P = PEQ + PGR
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End moments, obtained from the elastic analyses, differ in absolute
value at both ends of the same member. Luyties, Anagnostopoulos and
Biggs (10) have found that using an average of the end moments may
produce a more favorable distribution of resistance in terms of inelas-
tic response compared to proportioning the member based on the maximum
moment at either end. Based on these results, the design moments used
in the expressions above are
MEQ: (MJQ + MQ)/2
MGRe (MGR + MGR)/2
where the superscripts refer to ends 1 and 2 as in Figure 2.4.1.
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CHAPTER 3 - INELASTIC DYNAMIC ANALYSIS
3.1 Mathematical Models for Determination of Inelastic Dynamic Response
3.1.1 Point Hinge Model
The equations of motion for a multi-degree-of-freedom system sub-
jected to earthquake ground motion is:
[ ]DMu }+ [C]{} + [ K]L{u} =-[M]Dg
where [M ]D= diagonal mass matrix, [C ] = damping matrix, [K]L = lateral
stiffness matrix, u= relative displacement with respect to ground,
Yg= input ground acceleration. The solution of these equations for
nonlinear response, in which the stiffness is variable and the behavior
cannot be uncoupled into modal contributions, requires the use of numeri-
cal time integration techniques. The computer program, FRIEDA, developed
by Aziz (26) and subsequently revised by Anagnostopoulos, Roesset, and
Luyties (10, 30) was utilized to perform the inelastic dynamic analyses
of multimember plane frame structures.
Assumptions and aspects regarding the method of analysis are
summarized as follows:
1 - Shear deformation is neglected.
2 - Axial deformation in the girders is neglected.
3 - Each joint has lateral, vertical and rotational degrees-of-
freedom.
4 - Masses are lumped at the floor levels.
5 - The earthquake excitation is due entirely to horizontal com-
ponents of ground motion which are parallel to the frame.
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6 - Member behavior is modelled by an elastic and elastoplastic
component acting in parallel, referred to as a two-component
or Clough model (14, 15, 23). Superposition of the components
produces an element with a bilinear moment-rotation relation-
ship governing the hysteretic action at each end, as shown in
Figure 3.1.1. The second slope or strain-hardening branch
has 5% of the initial stiffness. The more general term,
point-hinge model, refers to the fundamental concept of re-
stricting plasticity to concentrated hinges at the ends of a
member when the yield moment is exceeded.
7 - Axial - flexural interaction is accounted for by altering the
yield moment of a member in each time step as a function of
the axial load. The yield interaction surface corresponds to
that recommended in AISC formula 2.4-3 (22):
P + 1.18M < 1.0; M < Mp
P l.18M - - p
y y
M = 1.0; P < 0.15
M Py y
where P=applied axial load; M= applied moment; P = plastic
axial capacity; M = yield moment.
8 - Overshooting errors occur when the yielded capacity of a
section is exceeded in any given time step. In order to
compensate for this equilibrium unbalance, correction forces
are applied as joint loads in the next time step. Referring
to the notation of Section 2.3.2, the form of computation
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is (10):
[K]L{u} = {Fu} - [Kur][Krr l {Fr}
where {Fr} = column of applied loads consisting of terms
corresponding to the sum of the moments in excess of the
yielded capacity for all sections at a particular joint.
9 - The numerical integration assumes a constant velocity in
each time step following the first step in which a Runge-
Kutta method is used for initialization (26).
10 - The time step for all analyses is 0.01 sec, which is within
a range 1/5 to 1/7 of the smallest natural period for the
3 frames.
11 - A constant 5% critical damping is specified in each mode.
The damping matrix, [C ], which permits this option is (26):
[C]= [M]D[ ] [B][] [TM] D
where [ ] = matrix composed of system eigenvectors which is
normalized as [ ] [M]D[ ]=l; [B]=diagonal matrix con-
taining terms of the form 2j i; Bi = percent damping in mode
i = 5%.
12 - Static fixed end member forces are input to simulate the
presence of gravity loads.
13 - The P -A effect is not considered.
14 - The base of the frames is fixed representing a rigid founda-
tion.
41
15 - Joint size effects are neglected; all dimensions are center-
line to centerline.
Details concerning the incremental tangent stiffness formulation,
yield conditions for the two-component model, and numerical techniques
can be found in the references cited in this section.
3.1.2 Shear Beam Model
The shear beam model has been utilized extensively in research
(1, 2, 3, 7, 12, 13, 20, 24) due primarily to its inexpensive costs.
Comparisons between the response of point hinge and shear beam models
are presented in Section 3.4 to investigate the relationship of story
level parameters.
As the term implies, this model considers that the lateral distor-
tion of the structure is of the shear type. Floor systems, which are
assumed infinitely rigid in their horizontal planes, remain parallel.
Similar to the point hinge model, masses are lumped at the floor levels,
only horizontal components of ground motion are input, a constant
velocity routine is employed for the numerical integration and the
same form for the damping matrix is adopted. The structure is idealized
as a close-coupled system with lumped masses connected by nonlinear
springs representing the force-deformation behavior of each individual
story.
The computer program, STAVROS, implemented by Anagnostopoulos (20),
was used for inelastic analyses with the shear beam model.
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3.2 Measures of Inelastic Response
3.2.1 Member Level Parameters
The concept of an inelastic design depends on the capacity of element
cross-sections to sustain load subsequent to yielding. Nonlinear defor-
mations of the structural members function as the principal source for
the energy dissipation of earthquake forces. Ductility factors, commonly
employed to evaluate the extent of inelastic action, express the ratio
of the maximum value of a deformation parameter to its yield limit value.
Two definitions of ductility at the member level have attained general
usage in the literature; one is based on rotations and the other on cur-
vatures. Other forms of component ductility related to energy dissipation
and cyclic deformation (5) have been proposed, but are not considered
here.
The rotational ductility is (14, 15, 23):
y - 1 + 0
y y
where 0i = maximum plastic hinge rotation at the end of a member during
any inelastic excursion; y =MyL/6EI =yield limit rotation corresponding
to a girder deformed by the application of anti-symmetric yield moments,
My, as depicted in Figure 3.2.1. The yield rotation applies only to
this simple loading condition; it is actually a function of the behavior
of the entire structure. The presence of gravity loads, unsymmetrical
end restraints or irregular geometry decrease the accuracy of the assumed
anti-symmetrical deformed shape. The rotational ductility represents
the maximum plastic rotation at a section normalized by a constant factor
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which depends on the yield moment. Although this definition may not
precisely determine yield conditions, it permits useful comparisons
of relative inelastic action. Plastic hinge rotations may be back-
figured for evaluation with respect to experimental data compiled for
similar sections.
The value of R is taken as unity when no yielding occurs.
Although the second factor is based on curvatures at the end of a
member, it is referred to as moment ductility, 1M, due to the form of
computation (4, 5,'8, 18).
m 
M -y y
: p EI3
M -M
:l1+ m y
where m= maximum curvature; by yield limit curvature; Mm= maximum
moment; M =yield moment; E= modulus of elasticity; I= moment of inertia
of cross-section; p = percent second slope. Figure 3.2.2 shows a typical
moment - curvature relationship.
In a given analysis, the yield moments and percent second slope are
prescribed constants for the girders. The maximum moments occurring at
the left and right ends in the positive and negative directions during
the time history are stored to allow computation of the 4 ductility
values at the completion of the integration process. Column yield
moments change as a function of the interaction diagram requiring the
calculation of the moment ductility in each time step. The maximum
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value at the top and bottom of a column is obtained. The factor derived
from moment-curvature relationships appears more reasonable than ro-
tational ductility since the yield limit is not denoted by an arbitrary
constant.
Values less than one are possible if a section remains elastic.
Under this condition, the moment ductility is defined as the ratio of
the maximum moment to the yield moment of the member.
The parameters selected to characterize the nonlinear member res-
ponse are the following:
1) Maximum exterior and interior girder ductility in a particular
floor.
2) Maximum exterior and interior column ductility in a particular
story.
3) Average of maximum ductility factors over height.
4) Average of girder ductility factors for all cross-sections
in a particular floor.
5) Average of column ductility factors for all cross-sections
in a particular story.
Both definitions of ductility, moment and rotational, are reported
for comparison in each of the five categories.
Structural element capacities for ductile action are assumed un-
limited for the purpose of analysis. The observed inelastic deforma-
tions represent ductility requirements which must be provided by proper
detailing of the members in order to sustain the integrity of the frame.
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3.2.2 Story Level Parameters
Measures of subassemblage response, chosen to describe the earth-
quake imposed deformations, are.summarized below.
1) Maximum lateral displacement of a given floor with respect
to the support.
2) Maximum story distortions or interstory displacements.
3) Maximum story shear.
4) Maximum story bending moment or overturning moment.
5) Maximum story ductility factor.
The first and second parameters are significant with relation to the
amount of damage experienced by structural and non-structural elements,
respectively. Examination of maximum story shears and bending moments
allows comparisons with the elastic design values. The story ductility
factor, PS' indicates the degree of inelastic action associated with
the maximum story distortion. Concentrations of yielding in a particular
story may bring about imminent collapse if the demand on ductility ex-
ceeds the capacity.
The conventional defintion of ductility, common to investigations
conducted with shear beam models, is the ratio of the maximum to yield
interstory displacement. This interpretation applies to the level of
ductility experienced by single-degree-of-freedom systems in the formu-
lation of the simplified rules which have been prescribed for the con-
struction of the design inelastic displacement and acceleration spectra
(1, 2, 3, 11, 24, 25). The force -deformation relationships for the
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nonlinear springs (e.g., elastoplastic, bilinear, trilinear) connecting
the story masses in a shear beam model are specified to possess clearly
defined yield points and to be composed of straight line segments.
The computation of S is not convenient nor obvious for complex
hysteretic systems in which the member end moment -rotation relationship
is designated. The difficulties involved have impeded prevalent use of
the lS in the evaluation of inelastic designs modelled at the member
level. Bertero and Kamil have reported a displacement ductility factor
for a story (8); the yield displacement was obtained by an inelastic
static analysis and the maximum interstory displacement was obtained
from the inelastic dynamic analysis. The resistance function produced
by an inelastic static analysis is sensitive to the distribution over
height of applied forces or imposed deformations, the rate of monoto-
nically increasing load or displacement increments, and the interpretation
of the resulting curvilinear form (27).
The force- deformation behavior observed during the inelastic dynamic
analysis forms the basis of an approximation for S developed herein.
Figure 3.2.3 shows a typical computer plot of interstory shear versus
interstory displacement. A bilinear relationship is constructed by the
intersection of two lines; one is drawn through the origin parallel to
the initial slope and the other estimates the bound of ultimate slope.
The yield displacement obtained in this manner corresponds to the yield
shear had the structure remained elastic and is subject to the inaccura-
cies of graphical interpretation.
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3.3 Simulated Motions
Analysis of inelastic dynamic response, involving the application
of numerical techniques in the time integration solution of the equations
of motion (Section 3.1), requires as input a digital acceleration record
of the base motion. In order to examine the behavior of the frame designs
within the range of the design earthquake excitation, three simulated
motions were generated. Figures 3.3.1 to 3.3.3 compare the response
spectra of the simulated motions to the Newmark and Hall design elastic
response spectrum termed the target spectrum. The critical damping value
of 5% is common to all spectra.
The methodology and capabilities of the computer program, SIMQKE,
utilized in the simulation process, have been documented by Gasparini
and Vanmarcke (21). Applying random vibration-based techniques, a
stationary power spectral density function (s.d.f.) is calculated from
the ordinates of the smooth target spectrum which are specified as input.
The simulated motion, z(t), is computed as the sum of n sinusoids
(21):
z(t) = I(t) I An sin(wnt+qn)
n
The sum of the squares of the amplitudes, An, is proportional to the
total power of z(t); thus the s.d.f. provides sufficient information
for deriving An. Interpolation of the s.d.f. occurs at frequencies,
The phase angle information, *n' is unknown; it is randomly gener-
ated with values from 0 to 2 following a uniform distribution. Differ-
ent distributions of n create different motions suggesting that an
50
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unlimited number of motions are possible for the same s.d.f.
The intensity function, I(t), shown in Figure 3.3.4, modifies
z(t) to account for the transient nature of earthquakes. Parameters
defining I(t), used in generating the 3 motions are: rise time = 1 sec.,
level time =8 sec., and duration = 10 sec.
The match between the target spectrum and the computed spectrum
has been improved by 3 cycling operations (iterative scheme) in which
the s.d.f. is modified by the square of the ratio of the target spectrum
to the computed spectrum values. The accelerograms, produced with equal
time intervals of 0.01 sec., have been corrected to achieve a peak
acceleration of 0.33 g and a zero ground velocity at the end of the
record.
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3.4 Comparisons of Parameters and Response of Point Hinge and Shear
Beam Models
The concept of a story ductility factor for complex hysteretic
systems was introduced in Section 3.2. The intention of such a factor
is to provide a basis of comparison to the specified level of ductility
in the inelastic spectra and to the results of shear beam studies. The
assumption of bilinear behavior and the approximate graphical technique
may generate inaccuracies in the computations of S.
Evaluation of the validity of the definition of pS was performed
as follows:
1) Bilinear resistance functions were constructed on computer
plots of story shear versus interstory displacement (see
Figure 3.2.3) obtained from a time integration analysis with
the point hinge model.
2) Measured properties of the force-deformation relationships
were used to delineate the nonlinear springs of a shear beam
model at the same story levels; these included the initial
and second stiffness and the yield limit shear. The masses
and floor-to-floor dimensions remained the same for the lumped
parameter system.
3) A time integration analysis of the "equivalent" shear beam
model was performed with the same ground motion that produced
the estimated spring characteristics using the member level
model.
4) Lateral and interstory displacements were compared.
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This procedure was applied to a 4- and 10-story frame for simulated
motion 2. Member resistances for the 4-story frame correspond to those
of Section 4.1. The 10-story frame was designed in the same manner as
the frames of Section 4.1, except that the Z/A ratio was assumed equal
to 7 instead of 6. Properties of the "equivalent" shear beam models
are listed in Appendix A. The results are shown in Figure 3.4.1.
The interstory displacement of the 10-story frame exhibits the
poorest match with differences of 12% at levels 1 and 5, and 16% at
levels 7, 8 and 9. However, with these exceptions, agreement between
the response of the associated systems is within 10%.
The results lend support to the following:
1) The story force-deformation relationship of the point hinge
model may be approximated as a bilinear.
2) The definition of the story ductility factor may be valid for
mul timember systems.
3) Shear beam models may adequately represent the response of
more complex models.
These observations apply only to the frames as designed herein. The.
bilinear behavior is perhaps related to the philosophy of allowing
large amounts of yielding activity. Yield transitional regions are
relatively insignificant with respect to the post-yield regions which
possess extensive strain-hardening branches for this type of design.
Although the method for comparison of models was intended to rein-
force the concept of story ductility, practical approaches for obtaining
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the properties of an "equivalent" shear beam model are of interest due
to potential applications for inexpensive analysis of member.systems.
Concurrent research is being conducted to determine story resistance
parameters employing an inelastic static analysis (27).
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CHAPTER 4 - BEHAVIOR OF INELASTIC DESIGNS
4.1 Results for Designs With Gravity at a Ductility Level of 4
The 4-, 10- and 18-story frames'were designed as detailed in
Section 2.4 for a ductility (p) of 4, including gravity loads. The
4- and 10-story designs are subjected to simulated motions 1, 2 and
3; the 18-story is analyzed only for motion 2. Appendix B summarizes
the corresponding resistances for the three frames.
The frame designs of this section serve as the basis for comparisons
in Sections 42 to 4.5, in which the effects of design ductility level,
gravity load in the analysis, gravity load in the design and factoring
spectral forces are investigated. Prior to a discussion of the results,
the following' aspects of format, common throughout Chapter 4 are clari-
fied..
1) Both definitions of local ductility are reported- rotational
(1R) and moment (iM).
2) The maximum local ductility occurring at any of the 4 exterior
girder cross-sections or any of the 2 interior girder cross-
sections in a given floor is plotted over the height of the
frame.
3) The maximum local ductility occurring at any of the 4 exterior
or interior column cross-sections in a given story is plotted
over the height of the frame.
4) The average over the height of the maximum ductility (as des-
cribed in #2 and #3 above) is tabulated on each plot.
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5) The average of the ductility at all column cross-sections in a
particular story (i.e., 8) and all girder cross-sections in a
particular floor (i.e., 6) is tabulated.
6) Story ductility factors (S) are tabulated. With the exception
of the 4-story frame, these values were not computed at every
story level.
7) The envelop of maximum inelastic response in terms of story
shear, overturning moment, lateral displacement and inter-
story displacement are plotted against height. Values corres-
ponding to the elastic modal analysis with the inelastic accel-
eration spectrum are denoted as SRSS in the figures.
The story shears and overturning moments exceed the design values
(SRSS) due to the strain-hardening effect.' (See Figures 4.1.2, 4.1.5,
4.1.8).
Local column ductility varies more than girder ductility with
height for the moment definition as seen in Figures 4.1.1, 4.1.3, 4.1.4,
4.1.6 and 4.1.7. At the bottom of the 10-story frame,' the difference in
PM at the first and second stories is greater than 6 in the exterior
column. Sudden increases of ltM (in exterior column of 10-story) occur
at the 4th, 5th and 6 th floors for motions 2, 3 and 1, respectively.
It is felt that this is due.to the application of a large bending
moment when the plastic capacity is reduced from the simultaneous action
of a large axial force. The plots of rotational ductility do not show
the same jagged pattern for columns. However, the definition of R does
not include interaction effects which may explain the anomaly.
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The excessive values of M at the base of the frames is attributed
to the assumption of a rigid foundation; using the average of the end
moments causes the bottom section of the lower story columns to be some-
what underdesigned. Girder ductility decreases within the top floors
forcing more yielding into the columns. This occurs where the w1 2/8
condition controls, which causes the girders to be overdesigned.
In general, more yielding takes place in exterior column and girder
sections than interior, as shown by the larger averages of maximum duc-
tility over height. For columns the difference may be due to a larger
fluctuation in earthquake axial force created by the overturning moment,
of which the exterior columns support the larger portion. The reason
for the difference in girders is not as clear.
The average of the maximum ductility factors is greater for columns
than girders in terms of 1jM and vice versa for UR. Assuming that M is
a better index of nonlinear deformation (this is discussed in Section
4.3), it appears that the spectral design results in "weak" columns.
However, the averages of M at all column or girder cross-sections at a
particular height (Tables 4.1.1, 4.1.3, 4.1.5) are within the same range
regardless of the type of element. Thus, columns are the more critical
elements in terms of concentrations of maximum ductility, although the
distribution of yielding is farily even between columns and girders
when considering all cross-sections in the frame. The ductility demand
is not uniform over the height with respect to maxima or averages.
Details of the ground motion produce variations in maximum member
ductility at the same height of about 5 in some locations. However,
the difference generally ranges from 2 to 3. The more notable result
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is the change in distribution of ductility throughout the frames which
have been subjected to motions which are generated to match the same
target spectrum.
Local ductility exceeds the design value (= 4) by more than 9
where the story ductility factor (S) equals 3.9 (e.g., M for exterior
column, motion 1). Generally, S is less than the design level of
ductility; the maximum value is 6.1 (Tables 4.1.2, 4.1.4, 4.1.6).
Limiting the nonlinear response of a given story does not indicate that
inelastic action will occur to the same degree for individual members.
The inelastic spectrum approach does not restrict the maximum ductility,
average of the maximum ductility over the height, or the average of all
cross-section ductilities at a given height to the design value when
subjected to ground motions which match the elastic design spectrum.
63
Q
Ay.OverHt.
. - 5.61
/ o 0--o 5.82
d --o 4.10
I 
4
3
O
0
0 1 2 3 4 5 6 7 8 9 10
ROTATIONAL DUCTILITY
EXTERIOR GIRDER
Ayv. Over Ht.
__-4 4.32
o ---o 4.29'
/ L---o 3.33
C">
0
4
3
1
P.
0
0 1 2 3 4 5 6 7 8 9 10
MOMENT DUCTILITY
EXTERIOR GIRDER
Av. Over Ht./~ -. S 5.22
// o---o 5.41
o----o 4.56_
1 2 3 4 5 6 7 8 9 10
ROTATIONAL DUCTILITY
INTERIOR GIRDER
ver Ht.
3.99
4.07
3.09
..
0 1 2 3 4 5 6 7 8 9 10
MOMENT DUCTILITY
INTERIOR GIRDER
4
3
% 20
1
.- 6.21
o--o 6.74
o---0 5.26
0
0 1 2 3 4 5 6 7 8 9 10
ROTATIONAL DUCTILITY
EXTERIOR COLUMN
4
3
02
0
0 1 2 3 4 5 6 7 8 9 10
MOMENT DUCTILITY
EXTERIOR COLUMN
0 1 2 3 4 5 6 7 8 9 10
ROTATIONAL DUCTILITY
INTERIOR COLUMN
-jJ
* Avg.OverHt.
- 4.66
o- o 4.80
0 --- o 3.94
0 1 2 3 4 5 6 7 8 9 10
MOMENT DUCTILITY
INTERIOR COLUMN
-* motion l o- o motion 2 o----o motion 3
FIGURE 4.1.1 - MAXIMUM DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE
DESIGN - i= 4; 4-Story Frame; Motions 1, 2, 3
4
3
04
4
3
1
0
4
3
>2
n
1
0
4
3
1
0
- - -
- - -
- - _ ....- - - -
-
- - - - - - - -i I B . . ..
= - _ 
· * * · ·
L
.
(
| - - - - -
l
64
4
3
i
0
! I
I I1 I
i I
, I I - , , a I
50 100 150
MAXIMUM STORY SHEAR (kips)
4
3
82
1.
1
0
0 1 2 3
N" ~ ~ ,
N,-
N'. ~ ~ ~ ·
0 1 2 3 4' 5 6
MAXIMUM OVERTURNING MOMENT
(kip-in/104)
0.0
I . , , . I , . . , I
0.5 1.0 1.5
MAXIMUM LATERAL DISPLACEMENT (in.) MAXIMUM INTERSTORY DISPLACEMENT (in.)
SRSS motion 1 motion 2 motion 3
FIGURE 4.1.2 - MAXIMUM STORY LEVEL PARAMETERS FOR GRAVITY AND
EARTHQUAKE DESIGN - = 4; 4-Story Frame;
Motions 1, 2, 3
4
o
o
3
0
& I I 
. . . ._
65
I 
9
7
6
,Ic1 S
o' 6
A
//
2
(1
) I 2- I /, ,S 6 / H 9 I)
R¢ )1A'I' [ ONA I. DUCTII I TY
FXTEiR I ()R (;I RI)ER
'10
9
8
7
6
.L
4
3
2
1
0
0 I 2 ' 4 6 7 8 9 10
MOMENT DUCTILITY
EXTERIOR IRDER
*- . Motion 1 o---o Motion 
0) I ; I 4 r f5 / 8 ) I()
RoTATI'ONAI, l)IC' iI.'TrY
I N''I.R 1 R (. I R)l',R
L. Over lit'.
-- o 3. 70 1.57
--.0 1.98 
l
b
0 1 2 3 4 5 6 7 8 9 10
MOMENT DUCTILITY
INTERIOR GIRDER
2 o----o Motion 3
FIGURE 4.1.3 - MAXIMUM GIRDER DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE
DESIGN
1 = 4; 10-Story Frame; Motions 1, 2, 3
I ()
H
h
Q 5
/4
3
2
I )
0
6
4
0 __ _ I
- - -
- - -
- - _ 
.
K.
10(
9
6
>4
4 5
cn
4
3
2
1
0
0 I
10
9
8
7
6
>4
o 5
U)
4
3
2
i
0
66
10
9
8
7
0
En
6
5
4
3
2
1
0
2 3 4 5 6 7. 8 9 10
ROTATIONAL DUCTILITY
EXTERIOR COLUMN
10
9
8
7
6
4
3
2
.I
.0
0 1 2 3 4 5 6 7 8 9.10 11. 12 13 14
MOMENT DUCTILITY
EXTERIOR COLUMN
_---- Motion 1 o---o Motion 2
Over Hit.
_ 3.78 i
o 3.75 1
o 4.20 j
0 1 '2 4 5 6 7 8 9 0
ROTATIONAL DUCTILITY
INTERIOR COLUMN
* Over Fit.
- 4.49
-o 4.77
--- o. 5.24
-
b
0 1 2 3 4 5 6 7 8 9 10
MOMENT DUCTILITY
INTERIOR COLUMN
o----o Motion 3
FIGURE 4.1.4 - MAXIMUM COLUMN DUCTILITY FACTORS FOR GRAVITY'AND EARTHQUAKE
DESIGN
- = 4'; 10-Story Frame; Motions 1, 2, 3
i ' ...
- - -
- - -
- - -
-
s s - - -
- - E s s
7
.-A
..
67
050
4
3
2
I
'O
I
050 100
MAXIMUM STORY SEAR(kips)
5 . 10
MAXIMUM OVERTURNING MOMENT
(kip-in/104 )
10
9
8
7
6
lz
4
3
2
1
n
5.0 10.0
LATERAL. DISPLACEMENT (in.)
SRSS motion 1
0.0
&. I . t-, I , 
0.5 1.0 1.5
MAXIMUM INTERSTORY DISPLACEMENT (in.)
motion 2 motion 3
FIGURE 4.1.5 - MAXIMUM STORY LEVEL PARAMETERS FOR GRAVITY AND
EARTHQUAKE DESIGN .
= 
4 ; 10-Story Frame; Motions 1, 2, 3
10
.9
a
7
6* 9
050
4
3
2
0
0
10
9
8
7
6
4
3
2
1
0
0.0
MAXIMUM
l a ' s I l a
v _
68
18
17
16
15
14
13
12
11
10
P.
8
7
6
5
0 1 2
4
3
2
1
3 4 5 6 7 8 9 10
0 ROTATIONAL DUCTILITY
* MOMENT DUCTILITY'
EXTERIOR GIRDER
1 2 3 4 5 6 7 8 9 10
o 'ROTATIONAL DUCTILITY
* MOMENT DUCTILITY
INTERIOR GIRDER
FIGURE 4.1.6 - MAXIMUM GIRDER DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE
DESIGN
" = 4; 18-Story Frame; Motion 2
1.8
17
16
15
14
13
12
11
10
9
8
(A.8;
7
6
5
4
3
2
1
0 E I 
I
IJ
'0
C.
69
1t5
17
16
15'
Avi. Over t.
o---o 2.26
-. * 5.07i~~141312
11
0
i)
9
8
7
6
5
4
3
2
1
0
0 1 2 3 4 5 6 7 8 9 10
O ROTATIONAL DUCTILITY
* MOMENT DUCTILITY
EXTERIOR COLUMN
Ht.
5
0
a a . J i . 1 i 1
1 2 3 4 5 6 7 8 9 10
o ROTATIONAL DUCTILITY
e MOMENT DUCTILITY
INTERIOR COLUMN
FIGURE 4.1.7 - MAXIMUM COLUMN DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE
DESIGN
p= 4; 18-Story Frame; Motion 2
18
17
16
15
14
13
12
ii
to
>4
9
uE
8
7
6
5
4
3
2
1
0
18
. , A I A -Al i 
70
18
17
16
14
I) "I
12
10
I9 I
8 L1
6
S I
4 1,A
3
1 _ L
0
O 100 200
MAXIMUM STORY SHEAR (kips)
SRSS
18
:7
16
15
14
13 r \\
12
10 \
8
7 
6
\ \
OsI
0 10 20
MAXIMUM OVERTURNING MOMENT
(kip-in/104)
motion 2
FIGURE 4.1.8 - MAXIMUM FORCES FOR GRAVITY AND EARTHQUAKE DESIGN
P= 4; 18-Story Frame; Motion 2
71
18
'7
I'1
14
13
12
ii
10
11
8
8
7
6
5
4
3
2
1
I
I.
* /~~~
I.
I~~~~
I.~~~~/~~~~~
.1~~~~~
I~~~~~~
/~~~~~~~
/~~~~~~~
I * 
.0 5.0 10.0
MAXIMUM LATERAL DISPLACEMENT (in.)
SRSS
0
/\
/
*I.
I..
I
I
/I(
I .I.
i 1 1 I .I'p.I I1
0.0 0.5 1.0 1.5
MAXIMUM INTERSTORY DISPLACEMENT(in.)
____ motion 2
FIGURE 4.1.9 - MAXIMUM DISPLACEMENTS FOR GRAVITY AND EARTHQUAKE DESIGN
p = 4; 18-Story Frame; Motion 2
18
17
I515
14
3
12
11
II)
4.
C4
* 8
7
6
5
4
3
2
1
0
72
TABLE 4.1.1 - AVERAGE DUCTILITY FACTORS FOR GRAVITY AND
p=4; 4-Story Frame; Motions 1, 2, 3
EARTHQUAKE DESIGN
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GI RDERS COLUMNS GIRDERS COLUMNS
MOTION 1
1 6.73 4.27 6.64 4.67
2 4.45 4.53 4.13 4.58
3 4.20 3.20 3.13 2.69
4 2.56 4.23 1.26 j 3.57
MOTION 2
1 5.69 3.53 5.57 3.75
2 4.36 3.88 4.12 3.32
3 4.66 4.00 4.02 4.26
4- 2.74 5.51 1.24 4.87
MOTION 3
1 5.21 3.16 5.21 3.57
2 2.95 3.69 2.31 3.29
3 3.83 2.69 2.87 2.33
4 2.69 4.15 1.26 4.22
TABLE 4.1.2 - STORY DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE DESIGI
= 4; 4-Story Frame; Motions 1, 2, 3
STORY
.. .
...
1
2-
3
4
DUCTILITY FACTOR
MOTION 1
5.3
5.1
3.0
2.9
MOTION 2
4.2
4.1
3.8
3.9
MOTION 3
i i i~~~~~~~~~~~~~~~~~~~
3.8
3.7
1.9
3.2
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TABLE 4.1.3 - AVERAGE DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE DESIGN
= 4; 10-Story Frame; Motions 1, 2, 3
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GIRDERS COLUMNS GIRDERS COLUMNS
MOTION 1
1 5.23 2.39 5.11 5.78
2 4.74 2.66 4.44 4.87
3 4.52 2.60 4.06 4.38
4 4.94 2.91 4.49 4.36
5 5.03 2.96 4.78 4.56
6 4.57 3.23 4.23 4.94
7 4.45 2.80 4.00 4.12
8 5.33 3.29 4.65 3.97
9 2.21 3.44 1.48 4.51
10 1.46 4.89 1.00 5.40
MOTION 2
1 6.04 2.64 5.73 4.73
2 5.46 2.70 5.16 4.51
3 5.40 2.88 5.07 5.03
4 5.01 2.99 4.83 5.34
5 3.99 2.75 3.67 4.55
6 3.78 2.61 3.40 3.64
7 4.64 3.03 4.40 4.02
8 4.80 3.36 3.97 4.42
9 2.19 3.48 1.51 4.43
10 1.60 4.37 0.98 4.81
MOTION 3
1
2
3
4
5
6
7
8
9
10
7.00
6.33
6.90
5.88
3.96
3.20
3.45
4.65
2.20
1.35
3.26
3.11
3.45
3.81
3.04
2.69
2.23
2.97
3.29
5.03
6.96
6.27
6.69
5.82
3.85
2.77
2.98
4.01
1.67
0.96
5.46
5.32
5.58
5.86
5.56
4.07
2.70
3.52
3.84
5.30
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TABLE 4.1.4 - STORY DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE DESIGN
p= 4; 10-Story Frame; Motions 1, 2, 3
STORY
1
4
.7
10
DUCTILITY FACTOR
MOTION 1
3.9
3.9
3.2
3.7
MOTION 2
4.5
4.5
3.7
2.9
MOTION 3
5.8
6.1
2.6
3.5
__ ___
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TABLE 4.1.5 - AVERAGE DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE DESIGN
p = 4; 18-Story Frame; Motion 2
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GIRDERS |COLUMNS GIRDERS COLUMNS
MOTION 2
1
2
3
4
5
6
.7
8
9
10
11
12
13
14
15
16
17
18
5.52
5.15
4.99
5.37
4.75
4.4.7
4.58
4.64
3.94
3.94
3.88
4.12
3.87
3.23
2.43
2.37
1.63
1.20
1.82
1.66
1.91
1.88
1.83
2.01
1.83
1.97
2.17
1.81
1.83
2.12
1.73
1.75
2.22
2.51
3.33
3.10
4.69
4.20
4.16
4.36
3.88
3.88
4.39
4.48
2.99
2.79
2.72
2.93
2.56
2.03
1.76
1.68
1.27
0.92
3.57
3.07
4.19
4.37
3.88
4.37
3.93
4.39
4.60
3.22
2.95
3.41
2.32
3.14
3.61
3.52
4.52
3.47
TABLE 4.1.6 - STORY DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE DESIGN
= 4; 18-Story Frame; Motion 2
DUCTILITY FACTOR
MOTION 2
3.4
3.8
3.7
3.7
2.8
2.0
2.1i 
STORY
1
3
5
7
11
13
15
18
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4.2 Results for Designs With Gravity at a Ductility Level of 2
The 4-, 10- and 18-story frames were designed according to Section
2.4 for a ductility level of 2 and subsequently analyzed with motion 2.
The results are similar to those of Section 4.1 for the same motion as
follows:
1) The maximum member ductility, average of the maximum over height
and average for all column or girder cross-sections at a given
height exceed the design level of 2 .(see Figures 4.2.1, 4.2.2,
4.2.4, 4.2.5 and Tables 4.2.1, 4.2.3 and 4.2..5).
2) The maximum local ductility factors have been normalized by
the respective design values in Tables 4.2.7 to 4.2.9 for the
3 frames. The ratios indicate that the maximum values are
within the same range regardless of the design level.
3) The story ductility factor is close to the design value at all
locations; it ranges from 1.5 to 2.6 for the 3 frames (see
Tables 4.2.2, 4.2.4 and 4.2.6).
4). Local concentrations of yielding several times greater than the
design ductility occur in stories whose overall response satis-
fies the nonlinear deformation criteria.
The significant observation resulting from a different design level is
the change in distribution of ductility throughout the frame.
Lateral displacements are less in the top floors of the 3 frames for
=4 (see Figures'4.2.1, 4.2.3 and 4.2.7). This change in response is due,
primarily, to the following: girders within the top floors in which the
w12/8 condition controls are overdesigned by a larger degree for the
higher ductility level due to the smaller earthquake forces.
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TABLE 4.2.1 - AVERAGE DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE DESIGN
: = 2; 4-Story Frame; Motion 2
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GIRDERS COLUMNS GIRDERS COLUMNS
MOTION 2
1
2
3
4
2.81
2.09
2.31
2.49
2.10
1.74
1.90
2.70
2.76
1.98
2.20
1.65
1.89
1.71
1.86
2.57
TABLE 4.2.2 - STORY DUCTILITY FACTORS
P = 2; 4-Story
STORY
--------i~~~~
1
2
3
4
FOR GRAVITY AND EARTHQUAKE DESIGN
Frame; Motion 2
DUCTILITY FACTOR
MOTION 2
2.5
2.3
1.9
2.2
---
.
v
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TABLE 4.2.3 - AVERAGE DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE DESIGN
= 2; 10O-Story Frame; Motion 2
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GIRDERS CLUMNS GIRDERS COLUMNS
MOTION 2
1
2
3
4
5
6
7
8
9
10
2.76
2.55
2.04
2.01
2.21
2.39
2.62
2.49
3.23
2.09
1.72
1.49
1.47
1.54
1.52
1.68
1.64
1.95
1.68
3.04
2.71
2.51
1.99
1.67
1.85
2.19
2.49
2.40
2.78
1.30
2.13
1.96
1.92
1.92
1.98
1.94
1.89
2.03
1.81
3.04
TABLE 4.2.4 - STORY DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE DESIGN
l = 2; 10-Story Frame; Motion 2
STORY
1
2
3
5
6
7
9
10
DUCTILITY FACTOR
MOTION 2
2.2
2.3
2.2
1.5
1.9
2.2
2.0
. .
. .
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TABLE 4.2.5 - AVERAGE DUCTILITY FACTORS FOR GRAVITY AND EARTHQUAKE DESIGN
p = 2; 18-Story Frame; Motion 2
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GIRDERS COLUMNS GIRDERS COLUMNS
MOTION 2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
2.16
1.95
1.96
2.00
2.17
2.46
2.74
2.87
2.81
2.52
2.44
2.46
2.79
3.04
2.91
3.08
2.94
1.72
1.26
1.19
1.17
1.25
1.34
1.52
1.50
1.60
1.79
1.55
1.44
1.67
1.43
1.54
1.93
1.63
1.62
2.43
1.63
1.65
1.70
1.76
1.84
2.09
2.41
2.63
2.46
2.24
2.16
1.89
2.30
2.47
2.48
2.85
1.96
0.99
1.72
1.63
1.59
2.00
2.01
2.52
2.52
2.60
2.73
2.14
1.86
2.59
2.08
1.83
2.16
1.71
1.70
2.31
TABLE 4.2.6 - STORY DUCTILITY
STORY
I 
3
5
7-
11
13
15
18
FACTORS FOR GRAVITY AND EARTHQUAKE DESIGN
18-Story Frame; Motion 2
DUCTILITY FACTOR
MOTION 2
1.7
1.8
1.8
2.1
1.9
1.9
2.6
. .-
* ...
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TABLE 4.2.7 - NORMALIZED MAXIMUM DUCTILITY FACTORS FOR 4-STORY FRAME
ROTATIONAL DUCTILITY
-- ~~- j
1J=2 p=4
EXT. INT. EXT. INT.
_ _~~~~~~~~~~~~~
MOMENT DUCTILITY
=EXT.2 NT EXT NT.=4
EXT. INT. EXT. INT.
~~IN. X.
GIRDERS
1.65 1.62 1.67 1.65 i 1.47 1.431 1.48 1.46
1.25 1.31 1.39 1.31 j 1.12 1.07 1.17 1.06
1.64 1.50 1.54 1.44 1.28 1.17 1.19 1.08
1.74 1.53 1.21 1.00 1.15 0.94 0.45 0.47
COLUMNS
1.57
1.42
1.08
2.35
1.74
1.31
1.11
2.03
1.14
1.65
1.68
2.27
1.51
1.03
1.31
1.76
1.91
1.09
1.23
1.93
1.38
1.02
1 .01
1.51
1.63
1.23
1.68
1.95
1.26
0.97
1 .06
1.51
LEVEL
1
2
3
4
----
1
2
3
4
___ __
-·-------- II --I -- -I- -L-----·-----·l · · ------ · -- ·--- ·---
I .
. . ,
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TABLE 4.2.8 - NORMALIZED MAXIMUM DUCTILITY FACTORS FOR 10-STORY FRAME
ROTATIONAL DUCTILITY MOMENT DUCTILITY
p= 2 p = 4 p = 2 p = 4
EXT. INT. EXT. INT. EXT. INT. EXT. INT.
GIRDERS
1.66 1.51 1.62 1.54 1.30 1.33 1.54 1.40
1.70 1.31 1.67 1.25 1.44 1.18 1.44 1.11
1.43 1.18 1.70 1.25 1.16 0.97 1.58 1.10
1.13 0.97 1.66 1.27 0.98 0.78 1.54 1.07
1.23 1.14 1.11 0.99 1.02 0.95 1.20 0.76
1.53 1.30 1.29 0.95 1.32 1.11 1.07 0.80
1.79 1.44 1.49 1.23 1.53 1.24 1.42 0.99
1.81 1.49 1.64 1.27 1.47 1.22 1.32 0.92
2.55 1.78 0.75 0.88 1.77 1.40 0.51 0.43
1.11 2.13 0.83 0.31 0.86 1.07 0.27 0.35
COLUMNS
1.10
0.63
0.67
1.02
1.06
1.23
1.24
1.34
1.15
3.25
1.51
1.02
1.02
0.86
0.80
0.85
1.01
1.20
1.02
2.38
0.99
0.74
0.81
0.75
0.92
0.96
1.10
1.13
i.42
1.48
1.17
0.87
0.82
0.89
0.82
0.67
0.98
0.93
1.11
1.12
2.20
1.52
1.53
1.66
1.82
1.51
1.78
1.89
1.39
2.68
1.38
1.12
1.13
0.90
0.79
0.83
0.95
1.11
0.91
1.81
2.58
1.27
1.52
2.23
1.55
1.24
1.56
1.53
1.55
1.69
1.38
1.20
1.27
1.26
1.09
0.81
1.21
1.14
1.24
1.34
LEVEL
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8
9
10
89
TABLE 4.2.9 - NORMALIZED MAXIMUM DUCTILITY FACTORS FOR 18-STORY FRAME
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4.3 Results for Analyses Without Gravity at a Ductility Level of 4
Several studies have been performed on the inelastic behavior of
tall buildings which have neglected the presence of static gravity loads
in the analysis of member systems (14, 15, 17, 23). This section compares
the results of analyses with and without gravity for the same frame
design.
The 4- and 10-story frames tested are those designed in Section 4.1
for gravity and seismic loads at a ductility of 4. Strength properties
are listed in Appendix B.
Comparisons of the maximum moment and rotational ductility factors
for columns and girders are shown in Figures 4.3.1 to 4.3.4, 4.3.6, and
4.3.8 for the three motions.
Column ductilities decrease at nearly every location without gravity.
The largest difference occurs at the bottom of the 10-story frame and is
about 12 for pM' The pattern of yielding alters significantly in both
frames. Columns remain elastic over much of the height in the 10-story
frame. Yielding in the girders is generally less at the top and bottom
floors in the absence of gravity.
Both definitions of member ductility give similar results without
gravity. The two factors contributing to these observations are: the
frame tends to deform symmetrically under lateral load alone which im-
proves the accuracy of the approximation for the yield rotation in the
defintion of lR; secondly, the effects of axial-flexural interaction,
only considered for Ms decrease in importance. These deficiencies
in the definition of lR (i.e., does not include interaction and has
arbitrary yield rotation) suggest that M may provide a better index
91
of inelastic deformation.
The story shears and overturning moments increase without gravity
due to the reduction of inelastic action, as seen in Figures 4.3.1 to
4.3.3, 4.3.5, 4.3.7 and 4.3.9. Lateral and interstory displacements
illustrate the importance of the distribution of ductility in determining
the overall structural deformation. There is a decrease in lateral
displacement corresponding to the large change in column ductility in
the lower levels of the frames, emphasizing the importance of local
column deformations in controlling response at the story level.
The average ductility for all column cross-sections in a story and
all girder cross-sections in a floor further points out the shift in
location of yielding throughout the frames, as indicated by comparing
Tables 4.3.1 to 4.1.1 and 4.3.3 to 4.1.3.
Comparison of Tables 4.3.2 to 4.1.2 and 4.3.4 to 4.1.4, which
summarize the story ductility factors with and without gravity, demon-
strate a similar shift in location of nonlinear deformation at the story
level.
II
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FIGURE 4.3.4 - MAXIMUM DUCTILITY FACTORS FOR ANALYSIS WITHOUT GRAVITY
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FIGURE 4.3.6 - MAXIMUM DUCTILITY FACTORS FOR ANALYSIS WITHOUT GRAVITY
= 4; 10-Story Frame; Motion 2
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TABLE 4.3.1
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- AVERAGE DUCTILITY FACTORS FOR ANALYSIS WITHOUT GRAVITY
= 4; 4-Story Frame; Motions 1, 2, 3
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GIRDERS COLUMNS GIRDERS COLUMNS
MOTION 1
1 7.14 3.88 7.02 3.31
·2 5.89 2.09 5.79 1.69
3 4.82 2.94 4.71 2.52
4 1.00 4.59 0.76 3.99
MOTION 2
1 5.80 3.19 5.73 2.72
2 5.15 2.45 5.19 2.07
3 4.41 3.11 4.13 2.51
4 1.00 4.06 0.72 3.37
MOTION 3
1
2
3
4
4.84
3.47
2.75
1.00
2.56
1.99
1.95
2.62
4.75
3.38
2.52
0.72
2.19
1.65
1 .76
2.38
TABLE 4.3.2 - STORY DUCTILITY FACTORS FOR ANALYSIS WITHOUT GRAVITY
p= 4; 4-Story Frame; Motions 1, 2, 3
DUCTILITY FACTOR
MOTION 2
3.9
3.8
3.7
3.5
STORY
1
2
3
4
MOTION 1
_ .
4.8
4.5
4.2
4.1
MOTION 3
3.2
3.2
2.5
2.4
[ ; . . . l .
TABLE 4.3.3
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- AVERAGE DUCTILITY FACTORS FOR ANALYSIS WITHOUT GRAVITY
i =4; 10-Story Frame; Motions 1, 2, 3
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GIRDERS COLUMNS GIRDERS COLUMNS
MOTION 1
1 3.62 1.30 3.56 1.26
2 4.04 1.00 3.97 0.72
3 4.90 1.00 4.80 0.72
4 5.99 1.00 5.94 0.83
5 6.21 1.00 6.26 0.85
6 5.71 1.01 5.75 0.94
7 5.40 1.17 5.40 1.04
8 5.16 1.65 4.78 1.55
9 1.43 2.04 1.27 1.70
10 1.00 2.69 0.55 2.35
MOTION 2
1 5.26 1.64 5.25 1.42
2 6.18 1.00 6.20 0.79
3 5.90 1.00 5.91 0.79
4 5.09 1.00 5.12 0.81
5 4.72 1.00 4.63 0.82
6 5.40 1.00 5.34 0.87
7 5.86 1.04 5.78 0.93
8 5.68 1.25 5.55 1.16
9 1.32 2.84 1.17 2.56
10 1.00 2.39 0.52 2.35
MOTION 3
1
2
3
4
5
6
7
8
9
10
6.97
8.11
8.58
8.45
7.44
6.21
5.49
4.45
1.56
1.00
2.11
1.00
1.00
1.00
1.00
1.09
1.06
1.27
1.61
4.00
6.88
8.05
8.56
8.34
7.44
6.30
5.49
4.52
1.38
0.52
1.92
0.83
0.83
0.83
0.86
0.94
1.02
1.16
1.29
3.45
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TABLE 4.3.4 - STORY DUCTILITY FACTORS FOR ANALYSIS WITHOUT GRAVITY
p= 4; 10-Story Frame; Motions 1, 2, 3
STORY
1
4
7
10
DUCTILITY FACTOR
MOTION 1.
2.1
3.8
3.4
2.4
MOTION 2
/ ~~~~~~~~OTION Z~~~~~~~~~~~~
2.9
3.8
3.6
2.2
MOTION 3
3.9
5.8
3.7
3.0
.
.
-.
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4.4 Results for Designs Without Gravity at a Ductility Level of 4
The 4- and 10-story frames were designed and subsequently analyzed
for the three motions without considering gravity effects. Resistances
were proportioned, as discussed in Section 2.4, with the following exep-
tions: the w1 2/8 condition did not apply for the girders, the gravity
axial load was not added to increase column strength, and only spectral
end moments were used in the interaction equation. A design ductility
level of 4 was used to relate the results with those of Section 4.1.
Strength properties for the 2 frames are given in Appendix B.
Some shift in the pattern of yielding is observed for each motion
by comparison of the maximum local ductility vs. height. (See Figures
4.4.1 vs. 4.1.1, 4.4.3 vs. 4.1.3, 4.4.4 vs. 4.1.4). This is anticipated
due to the following: girders are not controlled by w12/8 which eliminates
the sharp decrease in ductility within the top floors and gravity loads
alter the time to first yield. With the exception of the top floors,
the distribution of ductility remains fairly even between columns and
girders; neither type of element has been penalized due to gravity con-
siderations. The mean value over height of the maximum ductility factors
and the variation due to the motion is similar in both cases.
The local ductility factors averaged at all girder or colums cross-
sections at a given level (see Tables 4.4.1 vs. 4.1.1 and 4.4.3 vs. 4.1.3)
and the story ductility factors (see Tables 4.4.2 vs. 4.1.2 and 4.4.4 vs
4.1.4) are within the same range of values; differences observed at any
particular level emphasize the change in yielding pattern. Maximum lateral
displacements (see Figures 4.4.2 vs. 4.1.2 and 4.4.5 vs. 4.1.5) vary only
105
slightly for the same motion.
The lack of significant change in response observed in the output
parameters suggests that the philosophy for handling gravity loads in
the design is consistent.
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TABLE 4.4.. - AVERAGE DUCTILITY FACTORS FOR EARTHQUAKE DESIGN
p:= 4; 4-Story Frame; Motions 1, 2, 3
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GIRDERS COLUMNS GIRDERS COLUMNS
MOTION 1
1 6.77 4.78 .6.67 5.73
2 3.95 6.98 4.05 6.22
3 3.04 3.05 3.11 2.29
4 - 4.07 4.42 1.75 3.52
MOTION 2
1 6.02 4.76 5.88 5.31
2 3.97 5.43 3.65 4.21
3 . 3.15 4.00 3.29 3.64
4 2.79 4.35 2.22 3.49
MOTION 3
1
2
3
4
TABLE
5.24
1.97
2.25
2.62
3.79
4.44
2.48
4.16
. 5.18
1.84
2.15
-.. . 3.75
3.60
3.91
2.41
3.89
4.4.2 - STORY DUCTILITY FACTORS FOR EARTHQUAKE DESIGN
1=4; 4-Story Frame; Motions 1, 2, 3
DUCTILITY FACTOR
MOTION 2
5.0
4.4
3.1
3.5
STORY
1
2
3
4
MOTION 1
5.3
5.6
2.8
3.5
MOTION 3
3.8
3.7
1.8
.3.2
m m J. m
_ L m m umm ml mm m m. =i m .m.
----
: 
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TABLE 4.4.3 - AVERAGE DUCTILITY FACTORS FOR EARTHQUAKE DESIGN
= 4; 10-Story Frame; Motions 1, 2, 3
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GIRDERS COLUMNS GIRDERS COLUMNS
MOTION 1
1 4.92 3.81 4.85 7.56
2 3.66 4.25 3.28 5.55
3 3.56 3.80 3.28 4.61
4 4.10 4.35 4.01 4.90
5 4.69 4.50 4.63 2.90
6 3.86 4.51 3.76 4.93
7 4.31 3.82 3.87 4.38
8 4.10 5.32 4.08 5.35
9 3.23 3.24 3.18 2.55
10 2.38 3.65 1.78 2.89
MOTION 2
1 6.02 4.22 3.36 6.84
2 4.67 4.65 4.70 5.53
3 3.67 4.06 3.57 5.62
4 3.63 4.34 3.32 5.35
5 3.33 4.30 2.96 5.44
6 3.18 3.27 3.02 3.76
7 3.66 4.30 3.72 4.36
8 2.93 3.96 2.73 3.44
9 3.85 2.81 3.69 2.68
10 3.62 5.64 3.90 5.27
MOTION 3
1
2
3
4
5
6
7
8
9
10
6.36
5.76
6.68
4.55
2.85
2.82
3.32
3.89
3.82
3.54
4.64
5.59
6.60
6.04
4.54
2.83
2.68
4.19
3.46
4.31
6.17
5.99
6.42
4.50
2.79
2.61
3.18
3.94
3.71
2.21
7.25
6.28
7.09
5.78
4.38
3.67
2.95
4.22
3.36
3.55
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TABLE 4.4.4 - STORY DUCTILITY FACTORS FOR EARTHQUAKE DESIGN
P =4; 10-Story Frame; Motions 1, 2, 3
STORY
1
4
7
10
DUCTILITY FACTOR
MOTION 1
4.2
3.8
3.5
3.2
MOTION 2
5.0
3.7
3.6
5.1
MOTION 3
5.2
6.1
2.6
3.8
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4.5 Results for Designs With Gravity and Factored Spectral Forces
at a Ductility Level of 4
Use of the inelastic spectra constructed by the Newmark-Hall
rules yields excessive nonlinear member deformations above the two
levels of design ductility considered (Section 4.1 and 4.2). In order
to reduce the local ductility, some conservatism is introduced by fac-
toring the spectral forces obtained from the elastic modal analysis as
follows: 1.5 for exterior columns, 1.2 for interior columns, 1.2 for
girders. Justification for a different factor for the exterior columns
is based on the observation, first, that the largest of the maximum and
average of the maximum local ductility over height occur at exterior
column sections and, second, that the exterior columns are more critical
in terms of fluctuations in axial load due to the contribution of the
story overturning moment. The increase in column strength which forces
more yielding into the girders must be compensated for by some increase
in girder resistance. Three iterations of a time history analysis with
the point hinge model were necessary to arrive at these factors.
The 4- and 10-story frames were designed following the procedure
of Section 2.4 for p= 4, modified by using factored spectral forces.
Corresponding strength properties are listed in Appendix B. The designs
were subjected to motion 2.
The maximum local ductility values decrease at nearly every location
along the height for girder and columns in the factored design (see
Figures 4.5.1, 4.5.3, 4.5.4). The amount of change is less for girders
and interior columns than that for exterior columns, consistent with
the factors applied. Based on M alone, the factoring process has
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successfully limited the average of the maximum ductility over height to
less than the design level of 4 for columns and girders in the 4- and 10-
story frames. Generally the shape of the maximum ductility vs. height
is the same for the factored and unfactored cases.
The story ductility factors decrease in accordance with the reduc-
tion in yielding activity at the member level (see Tables 4.5.2 vs. 4.1.2
and 4.5.4 vs. 4.1.4). The largest value of S is 3.4 in the 4-story frame.
The story shear and overturning moment increase as the resistance in-
creases (Figures 4.5.2 and 4.5.5). The lateral and interstory displace-
ments do not change significantly (see Figures 4.5.2 and 4.5.5).
The concept of requiring the columns to remain elastic during
strong motion earthquakes has been proposed on the basis of safety
considerations (18). Such a philosophy could be incorporated in an
inelastic spectrum procedure once appropriate factors were determined.
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TABLE 4.5.1 - AVERAGE DUCTILITY FACTORS FOR GRAVITY AND FACTORED
SPECTRAL DESIGN - := 4; 4-Story Frame; Motion 2
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GIRDERS COLUMNS GIRDERS COLUMNS
MOTION 2
1
2
3
4
4.46
3.55
3.49
2.89
2.43
2.24
2.26
3.65
4.49
3.42
3.01
1.53
2.23
2.09
2.03
3.26
TABLE 4.5.2 - STORY DUCTILITY FACTORS FOR GRAVITY AND FACTORED
SPECTRAL DESIGN - p= 4; 4-Story Frame; Motion 2
DUCTILITY FACTOR
MOTION 2
3.3
3.4
2.5
2.9
STORY
1
3
4
.
.
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TABLE 4.5.3 - AVERAGE DUCTILITY FACTORS FOR GRAVITY AND FACTORED SPECTRAL
DESIGN - p= 4; 10-Story Frame; Motion 2
LEVEL ROTATIONAL DUCTILITY MOMENT DUCTILITY
GIRDERS COLUMNS GIRDERS COLUMNS
MOTION 2
1
2
3
4
5
6
7
8
9
10
4.79
4.78
4.58
3.81
3.45
3.47
4.06
4.05
3.38
1.57
2.02
1.97
1.95
1.99
1.72
1.72
1.86
2.09
2.31
4.28
4.48
4.40
4.07
3.29
2.73
3.20
3.85
3.41
2.25
1.05
2.58
2.63
2.58
2.52
2.05
1.76
1.97
2.44
2.54
4.66
TABLE 4.5.4 - STORY DUCTILITY FACTORS FOR GRAVITY AND FACTORED SPECTRAL
DESIGN - =4; 10-Story Frame; Motion 2
DUCTILITY FACTOR
MOTION 2
3.U
3.2
3.2
3.1
STORY
1
4
-7
10
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CHAPTER 5 - COMMENTARY
5.1 Conclusions
The conclusions based on the results of Section 3.4 and Chapter 4
are summarized below. It should be emphasized that these observations
are contingent on the modelling assumptions, analysis techniques, and
methods of determining the frame properties.
1) A multistory frame can develop local ductility values (for
both definitions) several times greater than the design duc-
tility level, when the resistance is determined by an elastic
modal analysis without load factors, using an inelastic response
spectrum which has been constructed by the Newmark-Hall rules.
The gross nonlinear deformation of a story, as measured by the
story ductility factor, pS, is generally less than or only
slightly in excess of the design ductility level.- The largest
values of pS for the designs including gravity are 6.1 for
P = 4 and 2.6 for pJ= 2. Thus, inelastic action can be highly
concentrated in hinges at the ends of members where the overall
behavior of the story, in which the critical section is located,
satisfies the deformation criteria.
2) For the basic spectral design (#1), there is a fairly even
distribution of yielding between columns and girders as indicated
by the maximum ductility factor at any cross-section in a given
story, the average of the maximum over height, and the averages
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for all column or girder cross-sections in a given story.
Neither type of element is favored by the design philosophy.
3) Introducing conservatism into the calculation of member resis-
tances, by factoring the forces obtained with a modal analysis
using an inelastic spectrum, allows the control of local duc-
tility values at critical sections. This capability provides
the potential for implementing a design philosophy in which
the columns are to remain elastic, once appropriate factors
have been determined. The factors of 1.5 for exterior columns,
1.2 for interior columns, and 1.2 for girders restrict the non-
linear member deformations for both definitions of ductility
as follows: column values reduce to near or below the design
level of 4; girder values do not decrease significantly but are
generally less than 5; the distribution over height of the maxi-
mum local ductility in each story is similar for the factored
and unfactored case. Sections cannot be factored at random due
to the observation that altering the relationship of resistance
causes more inelastic action to concentrate in the weaker (by
contrast) parts of the frame. This is the motivation for
strengthening girders even though for the unfactored situation
their local deformations are not excessive. The process of in-
cluding conservative factors for inelastic spectral forces yields
a satisfactory design method for limiting local ductility.
4) The design ductility level does not have a significant effect
on the performance of the basic spectral approach (#1). For
·JL
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both cases (i.e., li= 2 or 4) the maximum local ductility values
and the story ductility factors are within the same range of
the design level. However, the distribution of the maximum
local values occurring in a particular story changes over the
height of the building for the same motion. The nature of the
inelastic response is different but the output parameters are
similar in terms of satisfying design criteria. Concerning
practical applications, a three-fold increase in nonlinear
deformation for a design ductility of 4 is more damaging than
the same increase for p= 2 for actual steel sections. Therefore,
safety standards may indicate the incorporation of a lower level
of ductility.
5) Although the 3 motions generated to match the smoothed design
elastic spectrum have similar characteristics in terms of fre-
quency content and power spectral density function, the inelastic
response varies significantly as a function of the input accel-.
erogram. The two factors contributing to these differences are
the degree of agreement between the computed and target spectra
and the details of each motion.
6) Capabilities should be included to handle the presence of static
gravity loads in nonlinear dynamic analyses with the point hinge
model. Gravity loads influence the amount and pattern of yield-
ing throughout a given frame.
7) The philosophy developed herein for considering the effects of
elastic gravity end forces in determining member resistance
appears adequate.
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8) No significant improvement in performance is evident for a
more flexible frame (i.e., 18-Story versus 10-Story and
10-Story versus 4-Story). This suggests that the height and
fundamental natural period may not be important parameters in
determining the ductility requirements of a frame. The practical
implication is that the stiffness of the building may be adjusted
to satisfy drift criteria within the framework of an inelastic
spectrum based design procedure. It must be noted that the 3
frames in the study were selected with similar distributions of
stiffness, tapering from bottom to top. Changing the period of
vibration by altering the stiffness distribution (e.g., uniform
from bottom to top) may produce differences in response, a topic
which deserves further investigation.
9) The two definitions of ductility at the member level, moment
and rotational, give similar results without the presence of
gravity load. The observation is due, primarily, to the follow-
ing: the tendency for the structure to deform laterally in a
symmetric fashion increases, which makes the definition of yield
rotation more meaningful for the rotational ductility factor;
in columns, the reduction in yield capacity is not as signifi-
cant for the moment definition. In the more realistic case
including gravity, the rotational ductility is generally greater
than the moment ductility in girders and vice versa in columns.
The arbitrary constant for the yield rotation and the lack of
a means to handle the change in yield moment due to interaction
may, again, explain these discrepancies and indicate that the
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moment definition provides a better index for measuring inelastic
deformation at the element level.
10) The lateral and interstory displacements for a 4- and 10-story
point hinge model compared with those of an "equivalent" shear
beam model, whose nonlinear spring properties are obtained from
the point hinge model, generally agree within 10%. This implies
the following: the hysteretic behavior of a story is approxi-
mately bilinear; the story ductility factor, defined herein,
is representative of the gross nonlinear deformation of a story;
the shear beam model predicts the overall response of the more
expensive point hinge model if the proper force-deformation
relationships are specified.
Although application of an elastic modal analysis for a multi-degree-
of-freedom system may result in local ductilities exceeding the design
level, no other procedure is available which is as inexpensive, has a
more readily adaptable format for building codes, or offers the potential
for serving as a preliminary design tool in a more complex set of pro-
cedures. However, the inelastic response spectrum approach requires
further investigation to make it a reliable design tool.
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5.2 Recommendations
Additional areas of research recommended for the development of
adequate inelastic spectrum-based design procedures are outlined as
follows.
1) Perform safety analyses to determine distributions of ductility
associated with uncertainties in ground motion characteristics,
member strength properties, the amount of critical damping,
period changes due to stiffness deterioration or inelastic
action, and the portion of live load present.
2) Modify program parameters to test the sensitivity of the
inelastic analysis to the time step, alternate forms of damping
(e.g., mass proportional, stiffness proportion), the second
slope of the dual component model, the P-A effect, and founda-
tion rocking.
3) Determine the most appropriate distributions of stiffness and
mass throughout the structure.
4) Measure response in terms of other defintions of ductility.
5) Design and model various building types such as reinforced
concrete and braced steel frame.
6) Extend the work with single-degree-of-freedom systems, which
forms the basis of the simplified rules for constructing the
inelastic spectra, to more complex systems. Veletsos and
Vann (3) have performed such analyses comparing the deformation
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spectra of associated elastic and elastoplastic 2- and 3-degree-
of-freedom shear beam models.
The complications involved in the continued investigation of non-
linear behavior demand extensive computer time and effort. These costs
are compensated for by the apparent potential for improved seismic
design procedures.
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APPENDIX A
PROPERTIES OF EQUIVALENT SHEAR BEAM MODELS'
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TABLE A.1 - EQUIVALENT SHEAR BEAM PROPERTIES FOR 4-STORY FRAME
1st SLOPE (kips/in)
500.0
463.8
395.6
325.0
2 SLOPE (kips/in)
25.0
33.0
26.0
18.6
YIELD SHEAR (kips)
120.0
96.0
72.0
39.0
TABLE A.2 - EQUIVALENT SHEAR BEAM PROPERTIES FOR 10-STORY FRAME
LEVEL 1st SLOPE (kips/in)
1
2
3
4
5
6
7
8
9
10
400.0
480.0
450.0
387.0
325.0
287.0
233.0
193.0
153.0
153.0
2nd SLOPE (kips/in)
27.7
34.5
25.0
20.0
22.2
29.8
30.0
11.6
10.5
16.0
YIELD SHEAR (kips)
111.0
96.0
90.0
84.0
76.0
70.2
63.0
56.0
49.0
30.0
LEVEL
1
2 
3
4
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STRENGTH PROPERTIES FOR INELASTIC DESIGNS
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TABLE B.1
PROPERTIES OF 4-STORY
COLUMN M s (k-in)
p
EXTERIOR
503
1063
1553
2285
INTERIOR
974
1879
2612
3675
FRAME FOR SECTION 4.1
GIRDER M 's (k-in)
p
EXTERIOR INTERIOR
845
1290
2000
2540
845
1240
1800
2240
TABLE B.2
PROPERTIES OF 10-STORY
COLUMN M s (k-in)
D
EXTERIOR
483
817
1118
1424
1690
1986
2286
2601
2916
3523
INTERIOR
834
1528
2051
2467
2864
3233
3607
3980
4351
5171
FRAME FOR SECTION 4.1
GIRDER M 's (k-in)
p
EXTERIOR INTERIOR
1025
1260
1180
1415
1590
1750
1930
2110
2300
2500
1025
1260
1265
1475
1660
1815
1910
2030
2140
2215
STORY
4
3
2
1
STORY I
10
9
8
7
6
5
4
3
2
1
___
.
.
-
. .
. . . .
- -- -
-
J
-
l _ _
_ .
_ =~-
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TABLE B.3
PROPERTIES OF 18-STORY FRAME FOR SECTION 4.1
COLUMN MD's (k-in)
EXTERIOR
619
826
1141
1469
1830
2168
2494
2880
3243
3616
4035
4443
4871
5326
5775
6258
6764
7663
INTERIOR
879
1504
2021
2597
3122
3616
4154
4643
5147
5707
6238
6783
7390
7961
8535
9177
9817
11136
GIRDER Mp 's (k-in)
EXTERIOR INTERIOR
1208
1375
1375
1584
1584
1584
1748
1838
1932
2127
2213
2318
2557
2667
2779
3048
3161
.3385
1208
1375
1375
1584
1584
1678
1978
2062
2114
2385
2433
2470
2717
2748
2757
2942
2925
2997
TABLE B.4
PROPERTIES OF 4-STORY FRAME FOR SECTION
COLUMN Mp 's (k-in)
EXTERIOR
845
1818
2656
3934
'INTERIOR
1625
3147
4318
6094
GIRDER M 's (k-in)
p
EXTERIOR INTERIOR
909
2430
3805
4832
983
2339
3433
4261
STORY
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
4.2
STORY
4
3
2
1
-- - -
-
. . ;_ _
iE
" . . .
:
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TABLE B.5
PROPERTIES OF 10-STORY FRAME FOR SECTION 4.2
COLUMN M 's (k-in)
P
EXTERIOR INTERIOR
646 1336
1340 2448
1819 3240
2296 3802
2693 4336
3166 4827
3650 5340
4162 5845
4663 6328
5738 7677
GIRDER M 's (k-in)
P
EXTERIOR INTERIOR
1024 1024
1582 1770
2346 2523
2818 2951
3147 3309
3461 3612
3838 3808
4220 4064
4598 4279
4970 4416
TABLE B.6
PROPERTIES OF 18-STORY FRAME FOR SECTION 4.2
COLUMN M 's (k-in)
P
EXTERIOR INTERIOR
701 1381
1321 2360
1789 3074
2236 3829
2763 4519
3252 5153
3683 5837
4225 6434
4736 7043
5253 7757
5855 8405
6434 9058
7026 9789
7685 10464
8347 11159
9059 11945
9804 12692
11317 14726
GIRDER M 's (k-in)
EXTERIOR INTERIOR
1208 1208
1533 1593
2053 2049
2575 2850
2847 3132
3115 3345
3486 3952
3644 4106
3819 4201
4225 4754
4412 4861
4618 4931
5076 5410
5286 5464
5527 5491
6091 5882
6319 5848
6732 5966
STORY
10
9
8
7
6
5
4
3
2
1
STORY
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
TABLE B.7
OF 4-STORY FRAME FOR SECTION 4.4
COLUMN M 's (k-in)
P
EXTERIOR
450
880
1225
1840
INTERIOR
896
1665
2220
3152
GIRDER M 's (k-in)
EXTERIOR INTERIOR
495
1290
2000
2540
530
1240
1800
2240
TABLE B.8
PROPERTIES OF 10-STORY FRAME FOR SECTION
COLUMN M 's (k-in)
D
EXTERIOR
320
574
716
889
1026
1198
1371
1561
1751
2239
INTERIOR
674
1119
1390
1563
1731
1866
2012
2158
2305
2973
GIRDER M 's (k-in)
P
EXTERIOR INTERIOR
335
820
1180
1415
1590
1750
1930
2110
2300
2500
435
905
1265
1478
1660
1815
1910
2030
2140
2215
TABLE B.9
PROPERTIES OF 4-STORY FRAME FOR SECTION 4.5
COLUMN M 's (k-in)
P
EXTERIOR
709
1488
2164
3204
INTERIOR
1126
2160
2989
4213
GIRDER M 's (k-in)
P
EXTERIOR
845
1548
2400
3048
INTERIOR
845
1488
2160
2688
139
PROPERTIES
STORY
4
3
2
1
4.4
STORY
10
9
8
7
6
5
4
3
2
1
STORY
4
3
2
1
I l - -~~~~~~~~~~~
_ - -
- - - - - - - - - - - - - -
- ~ ~ ~  ~ ~ ~ ~ ~ ~ ~ _ _ 
-
.-
.
. .
. .
.
..
.-
TABLE B.10
OF 10-STORY FRAME FOR SECTION
COLUMN M's (k-in)
553
1095
1476
1869
2201
2584
2972
3382
3790
4642
950
1720
2292
2739
3165
3558
3956
4355
4750
5680
4.5
GIRDER M,'s (k-in)
1025
1260
1416
1698
1908
2100
2316
2532
2760
3000
1025
1260
1518
1770
1992
2178
2292
2436
2568
2658
140
PROPERTI ES
10
9
8
7
6
5
4
3
2
1
_ 
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